Results from the Mars Pathfinder Camera Haze particles are about 1 micrometer in radius and the water vapor column abundance is about 10 precipitable micrometers.
Images of the martian surface returned by the Imager for Mars Pathfinder (IMP) show a complex surface of ridges and troughs covered by rocks that have been transported and modified by fluvial, aeolian, and impact processes. Analysis of the spectral signatures in the scene (at 440-to 1000-nanometer wavelength) reveal three types of rock and four classes of soil. Upward-looking IMP images of the predawn sky show thin, bluish clouds that probably represent water ice forming on local atmospheric haze (opacity ϳ0.5). Haze particles are about 1 micrometer in radius and the water vapor column abundance is about 10 precipitable micrometers.
After Mars Pathfinder's landing on 4 July 1997, the Imager for Mars Pathfinder (IMP) (1) returned the first pictures of Mars from the surface since the Viking missions 21 years before. The panoramic views (Plate 1A) show a terrain littered with boulders stretching to a horizon graced by two hills (the "Twin Peaks"), the southern one conical with a vertical stripe, the northern one broader and banded with possible terraces. But stereoscopic views (Plate 1B) later revealed that the terrain between the lander and the Twin Peaks was a series of shallow gullies, some filled with fines material. This ridge and trough structure appears to be a remnant of the catastrophic floods that came through this area more than 2 billion years ago from Tiu Vallis, southwest to northwest trend, and from Ares Vallis, south-southeast to north-northwest trend.
Here, along with (2), we present results on a range of topics from the geomorphology and mineralogy of the site to the atmospheric properties and astronomical observations. During the first 30 days of operation, the IMP returned 9669 images from the surface of Mars; many of these are subframes taken of the sun, various targets on the lander, or multispectral spots on selected rocks and soil. The large panoramas (Plate 1) and their characteristics are listed in Table 1 .
Overview of the Pathfinder landing site. The Pathfinder landing site, at the mouth of the Ares and Tiu flood channels, was selected as an area likely to have a diversity of rock types (3) . As observed from orbit, the principal elements of the geology of the area include (i) relatively smooth plains, (ii) scattered hills that appear to be remnants of a former, eroded surface, (iii) impact crater rims and other ejecta deposits, and (iv) streamlined tails behind topographically prominent features. The southern Chryse plains are pitted by primary and secondary impact craters that indicate a late Hesperian to early Amazonian age. Members of two secondary impact crater clusters lie within 10 km of the lander, toward the southeast and north-northeast. Faint lineaments, trending southwest-northeast, are seen throughout the region following the same trend as the terraced remnants of channels and large tails that occur down slope of the hills. Divergence of these lineaments beyond the mouths of channels reinforces the impression that they are streamlines.
Postflood, geomorphic processes have been relatively benign neither physical nor chemical weathering has led to substantial deterioration of boulders. Derivative debris surrounding rocks is minimal and where debris is collected around boulders, it appears as thin lag deposits atop bright fines, and therefore is interpreted to be aeolian in derivation. Some rocks show indisputable evidence of abrasion, which attests to a flux of saltating particles through the area at some point, although none of the rocks shows the extreme abrasion expected for two or more billion years of exposure to sand blasting at martian wind speeds. At the Viking landing sites, where evidence for abrasion was limited and for sand was disputed, it was suggested that the rocks could have been buried or that windblown particles were incapable of abrasion. Clear evidence of rock abrasion at the Pathfinder site suggests, and may require, sand-transporting winds.
Sight lines to large distant knobs are useful for locating the landing site on the Viking orbiter images; the landing site is about 3 km north-northwest of a 1.5 km diameter impact crater and 1 km east of two hills less than 50 m tall (3). Viking orbiter images suggest that a subtle, kilometer-wide asymmetrical rise lies immediately west of the landing site, and that this rise has a short, steep west-northwestern slope and a gentler east-southeastern slope. The twin hills are located along the crest at the western (presumably upstream) end of this ridge. The lander is located on a south-facing slope near the northernmost extension of the rise, close to the point where the relief becomes indistinguishable from the flatter plains. The portion of the rise that extends north of the lander hides all but the summit of a 100 m hill located about 2 km north of the lander.
The Pathfinder site is more rugged than either of the Viking landing sites (4) and has a pronounced ridge-and-trough texture (Plates 2 and 4). Over distances of 50 to 100 m, these ridges and troughs have amplitudes as high as 5 m, and are irregularly spaced but commonly 15 to 25 m crest-tocrest. Southwest-northeast and south-north trends comparable with the large-scale Tiu and Ares flow directions are modestly ex-pressed. A weaker southeast-northwest trend which follow the local topography is also apparent. The lander came to rest in a slight, asymmetrical swale that is open to the south and east; a small ridge of boulders, the "Rock Garden," defines the western rim of this depression.
Rocks and coarse debris. Rocks ranging in size from a few centimeters to as large as 7 m are seen in all directions from the lander, although their distribution is far from uniform. The eastern half of the scene is deficient in rocks relative to the other half (3). For statistically large samples (Ͼ20 m 2 ), the percentage of surface occupied by rocks greater than 2 to 3 cm in size varies azimuthally by over a factor of three-at its maximum, the density approaches 30%, but averages 16% (Plate 8). The rock size variation resembles that seen at the Viking sites; at large diameters, the Pathfinder distribution falls between the Viking 1 lander (VL-1) and VL-2 populations (Plate 9). The Pathfinder site has many more cobbles and pebbles than the Viking sites. Small swales appear filled with fine debris and covered with a lag of gravel. These particles may be lithic or monomineralic fragments, or pieces of indurated soil. There is no evidence for specific minerals.
Boulder and cobble populations differ in several ways. The size to frequency relationship is characterized by a convex-upward curve for smaller particles, but larger boulders deviate substantially from this shape. Larger rocks are typically rounded but some are tabular (Plate 1). Smaller cobbles and pebbles are generally equidimensional, platy, and subangular. Most rocks are not in physical contact with one another, particularly for diameters less than 15 cm. However, in the rocky terrain west of the lander, large rocks are commonly in contact with each other and in places imbrication in a south to north orientation is suggested (Plate 1).
Red deposits on the upper surfaces of many rocks at the landing site are inferred to be dust (5) settled from suspension in the atmosphere. Dust also accumulated on lander and rover solar panels at a rate of 0.3% area coverage per day in the first few weeks of operation. Small magnets on the lander attracted dust during the nominal mission, verifying the Viking observations of magnetic dust grains in the atmosphere and soil (2) . This deposition could be related to the dust cloud observed by the Hubble Space Telescope (6) during this same period.
At least three dune forms are observed, two linear deposits (Mermaid and Roadrunner) and one with a barchanoid outline (Jenkins). All have smooth surfaces that blend as feather edges with the surrounding terrain from crestlike summits. The two linear features are 2.0 m and 50 m long; the barchanoid feature is ϳ3 m measured across the "horns." The dune forms are estimated to be less than 15 cm high. The majority of these Pathfinder features have higher albedo than the dunes seen from orbit; the interpretation is that the sediments rocks composing the Roadrunner and perhaps Jenkins dune forms are "light" in color, and therefore not basaltic sand but perhaps felsic particulates.
Soil forms a general background surface of bright and dark deposits in which most of the rocks are set. In some places, the soil has a ripple-like pattern in which the troughs are dark and the crests are bright. The wavelengths of this pattern range from 2 to 4 cm. On Earth, such dune forms and the ripple-like patterns develop mainly from saltating sand (7) . However, the ripple-like patterns lack the repetitive spacing, coherent wave fronts, modest height-tolength ratio, and asymmetric relief of terrestrial sand ripples.
Wind sock results. Three IMP windsocks were deployed with the atmospheric structure investigation/meterology (ASI/ MET) mast on sol 1 (at 58, 82, and 112 cm), and a regular program of daily windsock imaging was established on sol 13. Wind speed and azimuth were calculated from the three-dimensional appearance of each windsock in each image, the spacecraft tilt and camera attitude parameters, and the ASI/MET temperature and pressure data (for atmospheric density).
Winds were light during the primary mission (sols 13 to 35), usually less than 8 m/s. Wind conditions around 0850 and 1630 LST were typically calmer, less than 5 m/s. Stronger winds, generally from the west, were common from late morning to early afternoon. A peak wind speed of 12 m/s was measured from the WSW at 1130 LST on sol 32. The strongest winds measured so far are still relatively light and are not from azimuths parallel to wind tails and other surface features indicative of much stronger winds and aeolian activity.
Aeolian processes. Several rocks in the vicinity of the lander display features that are most likely the result of aeolian action. Small rocks southeast of the lander have scallop-shaped depressions ("flutes") and narrow longitudinal grooves reminiscent of terrestrial ventifacts. Such evidence of wind action was absent at the Viking sites (8) .
Wind streaks are surface albedo patterns that change their size, shape, and position with time and represent the primary wind directions at the time of their formation (9) . To assess the processes reflected by the fine material at the Pathfinder site, we measured the orientations of aeolian features using a virtual reality model (Plate 3 (10)). Down-tail azimuths of the wind tails range from 179°to 251°, with an average of 217°. The axes of dune forms and ripple-like patterns are oriented northwest-southeast, about orthogonal to the wind tail orientations. As photographed by the Viking Orbiters, the Ares-Tiu area shows prominent bright wind streaks, oriented at 213°.
A Mars general circulation model (GCM) enables the near-surface wind patterns to be predicted as a function of martian season and location on Mars (11). GCM results for the landing site show that the strongest winds should occur in the winter and are oriented with a downwind azimuth of 209°. The correlation of all three patterns ( Fig. 1 ) is similar and leads to the conclusion that the wind tails, dune forms, and ripple-like patterns are aeolian in origin and result from the effects of prevailing winter winds. Wind tails at the Pathfinder site (Plate 7A) range in length from less than a cm to about 40 cm, and have a sculpted appearance similar to those seen at VL-1 (4). They are widest and highest at the end closest to the rock with which they are associated, and taper to a point at the other end. Deposits similar to wind tails are also seen in association with some rocks, but these deposits lack the tapered form and are referred to as drifts. The maximum height above the surrounding surface of eight wind tails was ϳ13 cm.
Many of the rocks in the Rock Garden show albedo differences and are darker near their tops (Fig. 2) . The division between the two albedo regions was at 5 to 7 cm above the surface for the five rocks measured. This line is interpreted to represent the surface of a former soil level that has been deflated, or stripped, to form the current surface; these albedo differences may represent different exposure ages.
Fluvial and impact processes. Several aspects of the Pathfinder landing site support the notion that the location was affected by a large flood (3). Among these factors are the size, shape, and distribution of coarse materials, the pattern of decameterscale relief, and relationships seen on the twin hills west of the site. Comparison of the observed size relationships with those seen in Iceland (12), especially for the largest rocks, and the sharp-edged tabular shapes, and the burial relationships and absence of exposed gravel deposits, suggests a waning phase, late-stage deposition of locally derived debris that has not traveled great distances.
Many of the smaller rocks on the surface may be ejecta from nearby impact craters. Impact crater ejecta models show that ejecta thickness and volumetric size/frequency decreases radially as an inverse 3.5 power law, suggesting that at the Pathfinder site over 0.5 m of material could have been discontinuously deposited from the large crater to the south (13). At 1.2 crater diameters away, most of this ejecta should be 5 to 20 cm across.
Boulder trains seen in distant views of the twin hills resemble landforms found in the lee of obstacles in large terrestrial floods. The ridge-and-valley topography is generally consistent with fluvial landforms developed in and comprised of mobile sedimentary material. However, the topography is not diagnostic; glacial and periglacial processes can create similar relief and it is possible that the relief mimics bedrock topography veiled by a thin mantle of debris.
Empirical relationships derived from studies of terrestrial flood deposits (14) are used to infer some of the attributes of the floods that affected the landing site. For example, the size of largest materials moved by a flood as bed load is related to the depth of the flood, the velocity of the flow, and the topographic slope (15) . The mean diameter of the five largest boulders within 75 m of the landing site is determined to be 1.8 m. Earth-based radar and orbital photogrammetric analyses suggest that the gradient in the vicinity of the Pathfinder landing site is between 1 km in 400 km and 1 km in 1000 km (16) . Using these values with the empirical relationships and accounting for the difference in gravitational acceleration, the flow velocity is computed to have been about 8 m/s and the flow depth 10 to 20 m, not including wake splash. This is about 1/3 to 2/3 the height of the northern twin peak and 1/4 to 1/2 the height of the southern peak, and is consistent with the slope morphology and position of boulders on these peaks. Velocities of 10 to 15 m/s are typical for step-backwater calculations for confined floods in Ares and Kasei Valles (17) . The flow depths determined here are a factor of 20 to 50 times less than those used in the step-backwater calculations, but they are consistent with values calculated for large floods in Iceland and Washington state (18) .
Discharge cannot be computed without good cross sections of the channel, but the fluid properties of water (even debris-laden water) and the generally small size of the bed load (generally smaller than a meter) suggests that discharges were between 10 6 and 10 7 m 3 /s in the immediate vicinity of the lander. These values are one to two orders of magnitude smaller than previous estimates (17), but are not surprising considering the great difference in scale at which the determinations were made.
IMP spectral data and calibration. Target rocks and soils were imaged as 64 by 64 pixel subframes in all 15 geological spectral filters at 12 wavelengths. For spectral calibration the IMP radiometric calibration targets were imaged concurrently in the same filters (1) .
The illumination onto the surface and the radiometric targets is a combination of (19) . For example, in the 670-nm (red) filter at local solar noon the sky brightness is ϳ40% of the downward flux, while at 4 PM LST this contribution increases to ϳ50% (20) . The sky color is not neutral, but is reddened by the global dust; the greatest signal is from 650 to 1000 nm (21) . This effect reddens surface materials to various degrees depending on the orientation of rock faces. The IMP radiometric calibration targets are designed to remove the coloration of the sky on rocks and soil when they are parallel to the target. The soils generally fulfill this condition while the rocks have steeply sloped sides and their spectra must be viewed with caution.
Spectral image data show evidence for at least four soil types at the landing site (Table 2) (22). The two most common soil types are labeled "bright soil" and "dark soil" (Fig. 3) . Bright and dark soils are endmembers, and soils have been detected that span the reflectance range between these two units. Bright soil material is typically found in shallow aeolian deposits near and around rocks and as thin ground cover in many areas of the Pathfinder site. The type areas are near the rocks Cradle and Yogi (Plate 6). Reflectance spectra of bright soil are red and bright, peaking in relative reflectance(23) at 750 nm with values of 35% for Cradle soil and 28% for Yogi soil. This type has a high red/blue ratio and a moderate kink parameter (24) , indicative of an oxidized ferric-rich soil (25) ( Table 2) . Bright soil spectra lack the weak 800 to 900 nm absorption found in the planet-wide dust (26, 27) , yet a global dust origin for bright soil is consistent with the wide distribution of this material around the Pathfinder site. The action of the rover wheels exposed other materials under the disturbed soil indicating a shallow depth. For comparison telescopic spectra of the bright and dark martian regions are plotted as well as a palagonitic soil often used as a martian analog (26, 27) .
The type areas for the dark soil unit are Photometry Flats and Mermaid. This material occurs in dune forms, patches between rocks and in small aeolian bedforms. Dark soil is the lowest reflectivity soil at the site (for example, 750-nm reflectance at Photometry Flats is 16%). The red/blue ratio and the kink are in the moderate range ( Table 2 ). The overall spectrum indicates that this unit is less oxidized than the bright soil material and is intermediate between the global dust-like bright soil and the spectra of most rocks in the area. One interpretation of these data is that the dark soil is an intermediate weathering product that retains some of the relatively unstable mafic silicates from the parent basalts and has not completed its ferric oxidization process. An alternative is that the dark soil may have a larger particle size than the bright soil, which leads this material to be preferentially sorted away from the bright soil.
The other two soil units are localized. The Lamb-like soil unit occurs primarily near the rock Lamb and is characterized by strong kink, moderate red/blue ratio, and a moderate reflectance (20%). This is the only soil that shows a significant 800 to 1000 nm spectral structure, with a weak band centered near 930 nm. The disturbed soil unit was created primarily by rover movement and, in some cases, by airbag retraction. This unit exhibits 22 to 25% peak reflectance, and kink and red/blue ratio values intermediate to those of dark soil and Lamb-like soil. When disturbed, most soils tend to become darker, although their spectral shape does not change. This is probably an effect of the compaction of the soil changing the photometric scattering properties of the uppermost loose surface material.
None of the soils yet analyzed at the landing site show unique evidence for the types of crystalline hematite and/or pyroxene absorption features detected by remote sensing observations of other places on the martian surface (27, 28) . The origin of the 930-nm absorption seen most prominently in the Lamb-like soil may be an iron oxyhydroxide phase, a magnetic iron oxide, or a mixture of low Ca pyroxene and iron oxide (25, 29) . Soils containing iron oxyhydroxide, if verified, provide additional support for past warmer, wetter regimes on Mars.
Rock mineralogy at the Pathfinder Site. There are at least three spectrally distinct rock (and rock-like) materials at the Pathfinder site. The first and most common rock type is called dark rock. The type locations are the upper surfaces of Barnacle Bill and Bamm-Bamm (Fig. 4) . Dark rock is characterized by low-contrast spectra with reflectances at 750 nm in the 12 to 14% range. The red/blue ratio is very low, indicating relatively unweathered material, and there is a pronounced decrease in spectral slope in the near-IR beyond 750 nm. For comparison a laboratory spectrum of fresh basalt is shown in Fig. 4 (26) . Morphologically, members of this type tend to be the intermediate-sized cobbles and small boulders in the scene. They also are more likely to show vugs or vesicles and to have an angular or broken appearance. This is consistent with an origin as ejecta from Big Crater about 2.2 km to the south. None of the rock types exhibit the broad, well-defined absorption bands in the 900-to 1000-nm region that would be indicative of pyroxene (30) .
Bright rock is the second major type and its type localities are the Broken Wall and Wedge. These rocks are brighter (19 to 24% reflectance) and have higher red/blue ratios than dark rock, indicating more weathering or greater contamination by dust coatings. Some individual rocks in this unit show a decreased slope in the near-IR and some are flat in that region. Most of the larger boulder-sized rocks are members of this spectral unit. This is particularly true of the "Bookshelf " area containing rocks Shark and Half Dome, which exhibit a stacked and tilted morphology commonly seen in catastrophic flood deposits. The spectra of these rocks and their ␣-proton-x-ray spectrometer (APXS) data (31) are consistent with the rocks being andesites, but their degree of weathering and mode of deposition indicate that they have been exposed to the surface weathering environment for longer than the dark rock unit.
The last type is called the pink rock for its relatively high blue and red reflectances and large red/blue ratio. The type locations are Scooby Doo and Baker's Bench, but similar material is observed as crusts on rocks, what appears to be crusts in soil, and in areas exposed by the action of rover wheels. The rocks of this type are typically not lying on the surface but appear to be almost completely (Scooby Doo) or partially buried (Casper). The morphology of this unit is consistent with a chemically bonded crust or hardpan, similar to that reported at the VL-2 site (32) . Digging tests with the rover wheels failed to dislodge any material from Scooby Doo, indicating at least a partially cemented or highly compacted material. The spectra of the pink rock unit are similar to those of bright soil, although brighter in the blue, and APXS measurements of Scooby Doo are also similar to those of bright soil (31) . This rock type may be a chemically cemented soil whose strongest spectral component is the bright soil.
Dust opacity measurements. About 1300 images of the sun were obtained in the eight low-transmission solar filters through sol 30. We used images taken at 443, 671, 880, and 990 nm to measure and track the dust opacity as a function of time (33) . In general, we scheduled images in the four filters once an hour from 7 a.m. to 5 p.m. local solar time (LST) typically at air masses from 1.0 to 5.0 (elevations from 90°to 12°above the horizon). For each image, an air mass is computed from the ephemeris position of the sun and an assumed scale height of 13 km. The resulting flux is then fit as an exponential function of air mass using Beers' law, in which the slope determines the opacity and the intercept is a measure of the solar brightness outside of the atmosphere (Fig. 5) . Fitting all intercepts to a model, opacity can be determined for each individual point.
Opacity variations were observed during the day. Afternoon opacity, 0.42 to 0.52, was typically lower than morning opacity, 0.48 to 0.65 (Fig. 6) . Afternoon opacities typically increased toward redder wavelengths despite variations of order 0.05 between consecutive sols. Morning opacities exhibited more variation with time and were highest in the blue, occasionally a minimum at 670 nm was observed. The red slope was observed by Viking as was the morning-evening asymmetry (19) . The preferential increase of blue opacity suggests the formation of a second mode of small particles, which we attribute to water ice (34) .
The IMP has also been used to determine the optical depth at night by imaging the zero-magnitude stars Arcturus (␣ Boo), Vega (␣ Lyr), and Altair (␣ Aql). The high optical depth has meant that images through the geology filters typically only provide around 250 counts on these objects in the maximum exposure time of 32.76 s. However, the diopter filter, used to investigate the magnets in the near field, has a much wider bandpass and provides several times the signal at the cost of a smeared image of the star. A reduction of 21 images of Arcturus taken over several nights and an air mass range of 1.0 to 1.7 gives an optical depth of 0.75 Ϯ 0.04. This is higher than the daytime optical depth and probably indicates that water ice has formed on the haze particles.
Aerosol properties. Determining the nature of the aerosol particles in the martian atmosphere is important for understanding the climate in terms of solar energy deposition, thermal opacity, and thus heat balance; to this end, IMP has been used to take sets of images of the sky above the landing site. Each set contains 6 to 13 frames taken at a constant elevation near that of the sun, which was low in the sky (15 to 25°eleva-tion); the 14°wide frames range from 5 or 10°to 180°azimuth from the sun. This allows us to determine almost the entire scattering phase function, under the assumption that the haze is uniform for several hundred kilometers around the landing site. A complete sequence consists of four such sets taken through different filters: 443, 671, 898, and 968 nm; 21 such sequences (10 morning and 11 evening) were returned in the first 30 sols of the Pathfinder mission.
Matching our model to the shape of the forward scattering peak within 20°of the sun (Fig. 7) , we can estimate the cross- /m) with air mass (the ratio of the amount of dust along a slant path to that in the direction of the zenith) is shown for 0.45 (circles) and 0.88 ( X). The variation seen is not random noise in the measurement, but real variation in the sky. The data shown are limited to the afternoon, when opacity was more stable than in the morning, and are corrected for the varying distance to the sun. The slope of the fits gives an average opacity, while the intercept gives a top of atmosphere value for flux within a filter. Given the top of atmosphere value, an extinction and therefore an opacity can be computed for any datum as ϭ Ϫln(Flux/Flux0)/air mass. SCIENCE ⅐ VOL. 278 ⅐ 5 DECEMBER 1997 ⅐ www.sciencemag.org section weighted, mean particle radius (35, 36) . Our estimate for haze particle radius of 1.0 (ϩ0.3,-0.2) m shows a decrease from the value of 1.85Ϯ0.3 m found by Viking (37) . This represents the only major difference observed between Pathfinder and Viking with respect to the atmosphere. There is a distribution in sizes around this value and presumably these are the particles that are slowly deposited on the solar arrays and magnetic targets.
Additional information on the haze properties can be obtained by observing the twilight sky. Images of the dawn sky in the direction of sunrise were taken on the mornings of sols 13, 14, 15, 16, 25 , and 39. The sol 13 and 14 images were taken in the hour before sunrise; the others included 2 hours before sunrise. On sols 6, 22, and 24 a similar 2 hour sequence was taken of the dusk twilight. The images generally included the horizon at the point of sunrise or sunset as well as additional images at higher elevation angles. At any given time, the brightness of sky was at a maximum about 7°above the local level. The profile of the brightness is interpreted as indicating a bright source function (light multiply scattered through the haze), that increases in brightness toward the horizon, and is opposed by haze extinction that obscures light near the horizon.
The maximum brightness for each wavelength increased exponentially with time. Brightness is compared with the elevation at which the line of sight first intersects the shadow of Mars (29) . The slope of the exponential fall off is associated with the scale height of the dust and is determined to be 13 Ϯ 1 km. One source of systematic error is the omission of multiple scattering, which must be the dominant source of light 2 hours before sunrise, but this approach is expected to give the approximate scale height. An alternative model is to confine the dust to below 15 km, at which altitude clouds have been observed (38) . In this case, the mean free path of photons at the top of the dust layer would be about 75 km. At 2 hours before sunrise the terminator is 1700 km away, requiring over 20 scattering events to transport the photons. For dust that extends higher, far fewer scattering events are required, and we consider this situation more likely. Phobos and Deimos illumination of the twilight sky cannot be detected.
While the dawn sky on sols 13 and 14, as well as the dusk sky on sols 6, 22, and 24, had only small-contrast features, the sky was quite varied on other sols. On sol 39 discrete blue clouds were observed from 100 minutes before sunrise until 35 minutes before sunrise. The disappearance of the contrast in the half-hour before sunrise is probably due to changing illumination conditions. For the clouds to be illuminated by direct sunlight at the beginning of the observations, they would have had to be at an altitude of more than 120 km; at the end of the observations they would have to be at an altitude of 25 km. We expect that the clouds are under 120 km and because the illumination of the clouds does not appear to change until after 40 minutes before sunrise, we conclude that the clouds are not directly illuminated. These are water ice clouds, CO 2 condensation is ruled out because it is expected to occur near 80 km (34) .
Determination of water vapor abundance. The amount of water expected in the martian atmosphere is only of the order of 10 precipitable micrometers (pr m) (40), sufficient to produce an absorption of about 1.5% in the L4 and R3 filters (935 nm) at an air mass of 10 or more (1) . To determine the amount of water in the atmosphere of Mars, we observed the disk of the sun in filters L2 (880 nm), R3, and L4 when the sun was high in the sky (elevation angles from 65 to 70°) and the expected absorption in the R3 and L4 filters was much less than 1%. These observations were used to tie the calibration of the three channels together. Next, we observed the sky repeatedly at elevation angles between 3.6 and 6.5°in each of our solar filters. The brightness in all of our filters, including the continuum filter L2, decreased substantially with decreasing elevation angle because of the vertical extinction optical depth of about 0.5. At low elevation angles, the air mass factor depends on the scale height of the dust as well as on the elevation angle observed. A dust scale height of about 13 km was required to give a linear variation of log flux with air mass factor (Fig. 8A ).
An error of 1% on the individual L4 and R3 points is attributed to variations in the sensitivity of the detector over the field as the disk of the sun moves across the detector with time (Fig. 8B) . The average for the two water bands indicates an absorption of some 1.5%. To convert this absorption to a water abundance, line by line calculations were run using the Air Force Geophysical Laboratory line list in this water band. These data were convolved with the pro- The band observations/continuum model for L4 and R3 filters are shown. Linear fits to the band/ continuum ratios for the two water-band filters are shown by the short dashes (R3/L2) and long dashes (L4/L2). The average of these two determinations of band/continuum ratio versus air mass is given by the heavy solid line between the dashed lines. (C) The vertical water abundance versus air mass factor with the air mass computed assuming the water is distributed with a 13-km scale height (triangles) or with a much smaller vertical scale height (circles). files of our water filters to construct a curve of growth relevant for martian conditions (P ϭ 3.5 mb, T ϭ 210 K). This curve of growth indicates a slant water abundance of 45 to 97 pr m as the sun varied from the greatest to the smallest elevation angle.
This water abundance converts to the abundance in a vertical column by dividing by the appropriate air mass factor (Fig. 8C) . The relationship between air mass factor and elevation angle depends on the vertical mixing of the water vapor in the atmosphere. If the water vapor is concentrated at low altitudes by the decreasing temperature with altitude, then the air mass factor can be as large as the inverse of cos (elevation angle). If the scale height is as large as that of the dust, then the air mass factor is some 20% smaller, and the vertical water abundance is correspondingly larger. For small water scale heights, the vertical abundance is 8 (Ϫ2, ϩ4) pr m, while for the larger scale height the value is 11 (Ϫ4, ϩ6) pr m. Similar analyses for the mornings of sols 15 and 21 and the evening of sol 25 yield 14 (ϩ7, Ϫ4), 13 (ϩ7, Ϫ3), and 17 (ϩ9, Ϫ4) pr m, respectively.
Astronomical observations. Two spectra of one of Mars' moons, Deimos, were obtained within the first 30 days [ Fig. 9 , (41)]. A linear least-squares fit to the spectral slope gives a reflectivity gradient of 8.5 per 100 nm; a value not consistent with the much steeper (D-type) slope reported previously (42). Phase curves for Deimos and Phobos have been derived from Viking orbiter images (43). We used these data to produce the geometric albedo within each filter (Fig. 9) . A similar set of measurements were obtained at a phase angle of 10.8°and conversion to geometric albedo produced excellent agreement with the result shown in Fig. 9 over the entire wavelength range.
Viking orbiter data were used to derive a geometric albedo of 0.069 Ϯ 0.006 (1) in the wavelength range 445 to 593 nm and a rather flat spectrum (43, 44). Our six measurements within this wavelength range give a mean geometric albedo of 0.074 Ϯ 0.006 (1), considerably higher than the ground-based results (42). The slope of the spectrum in our data in the range 445 to 593 nm is distorted by the rather high reflectance at 530 nm but may be consistent with Viking observations. However, the increasing reflectance with wavelength to 1000 nm is not consistent with a spectrally flat surface.
There is evidence of an absorption band at 930 nm. This could be caused by an absorbing component in the dust in the martian atmosphere, or by an iron oxide or pyroxene absorption on Deimos. Of these possibilities, the last seems most likely because of the absence of any major fluctuations in the optical depth of the atmosphere with wavelength. Second, in both spectra, the derived albedo at 530 nm is 10 to 15% higher than expected from a linear increase in reflectance with wavelength. Some phyllosilicates have a generally low and flat albedo with wavelength but an enhanced reflectance in this region of the spectrum.
